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BACKGROUND: The three-ringed polycyclic aromatic hydrocarbon (PAH) phenanthrene (Phe) has been implicated in the cardiotoxicity of petroleum-
based pollution in aquatic systems, where it disrupts the contractile and electrical function of the fish heart. Phe is also found adsorbed to particulate
matter and in the gas phase of air pollution, but to date, no studies have investigated the impact of Phe on mammalian cardiac function.

OBJECTIVES: Our objectives were to determine the arrhythmogenic potential of acute Phe exposure on mammalian cardiac function and define the
underlying mechanisms to provide insight into the toxicity risk to humans.

METHODS: Ex vivo Langendorff-perfused mouse hearts were used to test the arrhythmogenic potential of Phe on myocardial function, and voltage-
and current-clamp recordings were used to define underlying cellular mechanisms in isolated cardiomyocytes.

RESULTS: Mouse hearts exposed to ~8 uM Phe for 15-min exhibited a significantly slower heart rate (p =0.0006, N =10 hearts), a prolonged PR
interval (p =0.036, N =8 hearts), and a slower conduction velocity (p =0.0143, N =7 hearts). Whole-cell recordings from isolated cardiomyocytes
revealed action potential (AP) duration prolongation (at 80% repolarization; p = 0.0408, n =9 cells) and inhibition of key murine repolarizing currents—
transient outward potassium current (I;,) and ultrarapid potassium current (Ig,,)—following Phe exposure. A significant reduction in AP upstroke veloc-
ity (p=0.0445, n=9 cells) and inhibition of the fast sodium current (In,; p=0.001, n=8 cells) and calcium current (Ic,; p=0.0001) were also
observed, explaining the slowed conduction velocity in intact hearts. Finally, acute exposure to ~8 uM Phe significantly increased susceptibility to
arrhythmias (p = 0.0455, N =9 hearts).

Discussion: To the best of our knowledge, this is the first evidence of direct inhibitory effects of Phe on mammalian cardiac electrical activity at
both the whole-heart and cell levels. This electrical dysfunction manifested as an increase in arrhythmia susceptibility due to impairment of both con-
duction and repolarization. Similar effects in humans could have serious health consequences, warranting greater regulatory attention and toxicologi-

cal investigation into this ubiquitous PAH pollutant generated from fossil-fuel combustion. https://doi.org/10.1289/EHP12775

Introduction
Air pollution is one of the leading risk factors for global disease
burden,'~” and accounts for an estimated 6.7 million premature
deaths each year worldwide.® With 99% of the human population
living with air quality that falls below World Health Organization
guidelines,” and with air pollution levels continuing to increase in
some parts of the globe, the threat of air pollution to life expect-
ancy and life quality is ever-growing.!® A host of epidemiologi-
cal studies have shown mortality from cardiovascular disease
accounts for the majority of deaths attributed to air pollu-
tion.2*>7-11-14 A 2019 European study found that of the 800,000
excess deaths per year attributed to ambient air pollution, almost
half were due to ischemic heart disease and stroke.? There also is
strong epidemiological evidence linking exposure to air pollution
with cardiac arrhythmias, myocardial infarction, atherosclerosis,
and heart failure.!5-!7

Air pollution is a complex mixture of gases, suspended partic-
ulate matter (PM) and liquid droplets.'® PM with an aerodynamic
diameter of <2.5 pm (PM;5) is a key driver of the cardiovascular
impacts of poor air quality,'®~! in part due to the ability of small
particles to translocate from the lungs into the systemic circula-
tion.>!%22 Importantly, the cardiovascular toxicity of PMj s
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reflects the surface chemistry of the particles, which consists of
a diverse range of adsorbed chemicals, including reactive tran-
sition metals and polyaromatic hydrocarbons (PAHs). PAHs
contain two or more fused benzene rings and are a ubiquitous
component of air pollution formed during the incomplete com-
bustion of fossil fuels.!®23 Their cardiotoxicity became appa-
rent following the devastating impact of two major crude oil
spills (the Deepwater Horizon and the Exxon Valdez) on fish
cardiovascular function.!?-?*2> Decades of research in aquatic
species exposed to crude oil have revealed the three-ringed
PAH phenanthrene (Phe) as the primary PAH responsible for
cardiac dysfunction in fish. Phe-exposed fish showed bradycar-
dia and atrioventricular (AV) block?® due to inhibition of cellular
calcium (Ca’") cycling in cardiomyocytes and altered repolariza-
tion due to inhibition of potassium (K*) channels.?>-28 Further
work in fish demonstrated Phe-induced cardiac dysfunction evi-
dent at the myocyte, cardiac tissue, and whole-heart levels.?’—32
Phe also exists in polluted air in the gas phase and bound to the
surface of PM.3 Phe is present at high levels in exhaust emissions
and cigarette smoke®*?> and is consistently reported among the
most abundant PAHs in the environment.>=38 A 1994 report from
London, UK, found Phe levels at 76-82ng/m? in the air.>® Phe
from the air accumulates in the body. A recent study in Greece
found 2-fold higher levels of Phe compared with all other PAHs in
human serum (56.5 pg/L, ~300nM Phe).*® Interestingly, these
authors found urban vs. rural residence had a greater impact on cir-
culating Phe levels than smoking status. Patients with heart failure
in that study had mean serum levels of ~ 1.3 uM compared with
levels ranging from 0.14t00.58 uM in control participants, sug-
gesting a link between Phe serum concentration and heart failure
incidence.*® The maximum concentration of serum Phe found in
patients with heart failure was 3.3 uM. Similar concentrations
have been found in human urine analysis of road pavers and coke
plant workers (0.2-3.5 uM).#! Phe has also been found in mouse
whole-blood samples at concentrations >5 puM following oral dos-
ing.*?> The presence of Phe in human and murine blood analysis
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provides evidence that it can reach, and therefore directly interact,
with the mammalian heart. Furthermore, Phe is highly lipophilic
(Kow 2~ 4.4%3) and therefore can accumulate in tissue at higher
levels than in plasma or serum, particularly in adipose tissue or
adipose-rich organs, such as the liver and kidneys.?34443

Recent work has shown that acutely applied Phe directly inhib-
its human Ether-a-go-go-Related Gene (hERG) channels.*® Given
that hERG channels are vital for normal human ventricular repola-
rization, their inhibition raises the risk of Phe-associated arrhyth-
mogenesis. The deleterious effects of Phe on fish hearts?*—247 also
makes determining the impact of Phe on arrhythmogenic potential
in a mammalian model vital. Currently, there is a paucity of research
into the impact of Phe exposure in mammals. There are studies
reporting cardiac hypertrophy*® and increased inflammation*® in
rodent models of prolonged (~4 wk) Phe exposure; however, no
study to date has investigated the effect of acute Phe exposure on the
electrical activity of the mammalian heart. In the present study, we
used the mouse to investigate the impact of acute Phe exposure
on whole-heart electrical activity and arrhythmogenic potential.
Our ex vivo heart findings are supported by characterization of
the impact of Phe on the underlying ion currents in isolated
mouse ventricular cardiomyocytes. We hypothesized that Phe
would disrupt electrical activity in the mouse heart, resulting in
increased arrhythmia susceptibility.

Materials and Methods
Animal Husbandry

All procedures were carried out in accordance with approval of
the local animal welfare board. C57BL/6] male (Charles River
Laboratories) mice were housed under a 12-h light/dark cycle,
with 30%—60% relative humidity, and fed a standard mouse chow
and water diet. Mice were euthanized at 10-12 wk of age by cer-
vical dislocation. Individual mice were not weighed; the average
weight of a male mouse this age is 25 g (Charles River Laboratories,
https://www.criver.com/products-services/find-model/c57bl6-mouse?
region=3671).

Phe Exposures

Analytical grade Phe (>99%) was acquired from Sigma Aldrich. A
50 mM Phe stock was prepared daily by dissolving Phe in dimethyl
sulfoxide (DMSO; tissue culture grade, Sigma Aldrich). The stock
was then diluted into saline solution (composition below) to give an
initial final concentration ranging from 1 to 30 uM Phe. The maxi-
mum initial concentration of Phe used was either 25 pM (for whole
hearts) or 30 uM (for cardiomyocytes). An equivalent volume of
DMSO was diluted in saline solution in control experiments.
However, the exposure concentration (i.e., the concentration that
arrives at the tissue) can deviate from the initial concentration owing
to the hydrophobic properties of Phe. This hydrophobicity makes it
difficult to maintain the desired concentration when Phe is dissolved
in an aqueous solution because Phe can be lost via sorption to mate-
rials, volatilization when being gassed, and degradation due to
light.>® Although all solutions were maintained in darkened reser-
voirs/tubes and avoided light during experimentation, the hydropho-
bicity still presented challenges in the ex vivo heart Langendorff
experiments owing to the use of the highly adsorbent silicone tubing
for peristaltic perfusion and the required oxygenation. Exposure
concentration was less of a concern in the myocyte experiments,
where saline solutions were not gassed and were gravity delivered
through polyetheretherketone high-performance liquid chromatog-
raphy tubing, which is narrow, chemically resistant, and inert. To
account for the loss of Phe concentration due to hydrophobicity, we
calculated the exposure concentration that arrived at either the heart

Environmental Health Perspectives

117002-2

in the Langendorff setup or at myocytes in the patch clamp rig by
collecting perfusate at the site of tissue exposure and testing it
against a standard curve using florimetry (FluoroMax-4, Horiba
Scientific) at an excitation wavelength of 250 nm (slit width: 5 nm)
and emission wavelength of 366 nm (slit width: 1 nm). To produce
the standard curve, Phe was dissolved in ethanol (99.8% analytical
grade) to make a 50 mM stock solution. The stock solution was then
diluted to produce 0.5—4 pM standard concentrations with a 1:1 ra-
tio of ethanol and physiological saline. For the Langendorff rig, the
exposure concentration of our initial 25 M dose ranged from
6.5t0 10 uM, with amean of 8.0 + 0.74 uM (n =6). For the 10 uM
initial dose, the exposure concentration ranged from 1t02.8 uM,
with a mean of 2.1 +0.28 uM, (n=6). Owing to the variability in
exposure concentration, which is impacted by the duration and vigor
of oxygenation, we opted to use the mean exposure doses of
~2.1 utM and ~ 8 puM for the low and high exposures in the ex vivo
heart experiments. A similar test for variation between calculated
concentration and exposure concentration in the patch clamp appa-
ratus revealed less than a 0.2 pM variation (n=35). Thus, for the
myocyte work, the concentrations are provided numerically in the
following sections; however, a +0.2 pM range around each is
expected.

Assessing Ex Vivo Cardiac Electrical Activity

Langendorff isolated heart preparation. Following sacrifice, the
heart was rapidly excised and transferred to ice-cold physiological
saline [constituents in millimoles: sodium chloride (NaCl), 118; so-
dium bicarbonate (NaHCO3), 24; glucose, 10; monosodium phos-
phate (NaH,PQO,), 1.2; sodium pyruvate, 2; calcium chloride
(CaCly), 2; potassium chloride (KCl), 4; and magnesium sulfate
(MgS0,), 1.2 plus 0.06% DMSO]. The aorta was cannulated on a
shortened and blunted 22-gauge cannula that was then attached to a
heated glass coil. The heart was retrogradely perfused with oxygen-
ated [carbogen gas: 95% oxygen (O,)+5% carbon dioxide (CO;)]
physiological saline maintained at 37°C, at a constant rate of
4 mL/min. Spontaneously beating hearts were allowed to stabilize
for at least 10-min until a stable heart rate (HR) was achieved.
Following a 15-min baseline recording period, perfusion was
switched so that exposure was either ~2.1 uM or ~ 8 uM Phe for
15-min. Finally, perfusion was switched back to control saline solu-
tion for a 15-min wash-out period. In time-matched control experi-
ments, hearts were exposed to saline solution plus DMSO vehicle
control only.

Cardiac electrical parameter recordings. Electrocardiographs
(ECGs) were recorded using specialized surface electrodes,
placed just below the right atrium and on the apex of the heart
(N=5-10 hearts per group). ECG recordings were analyzed
using the LabChart Pro 8 software (AD instruments) with all
ECG parameters—including HR and RR, QT, and PR intervals—
calculated using the cardiac axis tool. A representative ECG
showing measured parameters is provided in Figure S1A. The
QT interval was automatically corrected in LabChart using the
Mitchell formula: QT = QT /+/RR/100.5' Mean values for ECG
parameters were calculated from 100 beats. Owing to variability
in ECG recordings, it was not possible to calculate all ECG pa-
rameters for each experiment; therefore, the N-values for each
parameter may vary.

Ventricular monophasic action potentials (MAPs) were recorded
using homemade electrodes placed on the epicardial surface of
the left ventricle. The peak analysis tool in LabChart was used to
calculate AP durations (APDs) at 80% repolarization to give
APDy. Average APDyg values were calculated from six consecutive
beats. Monophasic APDgy (MAPDg;) values were manually cor-
rected for the peak—peak interval (PP) using an adapted version of the
Mitchell formula: cMAPD = MAPDS0/ \/% /1001
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Cardiac electrical maps were recorded from the surface of the
left ventricle (N =5-7 hearts per group) using a 64-channel multi-
electrode array pen (Mapping Lab). EMap Scope software was used
to extract the activation time at each channel; the change in activa-
tion time across the 64-channels was used to calculate conduction
velocity (in millimeters per millisecond) across the ventricle.

Assessing Arrhythmia Susceptibility

Hearts were isolated, perfused, and allowed to stabilize as
described above. ECG electrodes were placed as previously
described and ECG recordings were used to assess arrhythmia
susceptibility (N =9 hearts per group). Hearts were exposed to
~ 8 UM Phe or control saline solution; after 15-min, all hearts
were subjected to a programmed electrical stimulation (PES) pro-
tocol. Ventricular arrhythmias were induced using an established
protocol’>>3; briefly, an S1 train consisting of 20 pulses at a
98-ms cycle length was immediately followed by an S2-S10 train
of extra stimuli. Extra-stimuli cycle lengths ranged from 58 ms
down to 8 ms, decreasing in 10-ms intervals. Each segment of
stimulation was separated by a 3-s gap, with a total of six seg-
ments. Ventricular tachycardia (VT) was characterized according
to the Lambeth convention®? and was defined as a train of at least
four consecutive ventricular premature beats following the stimu-
lation period. Arrhythmia susceptibility was scored according to
Clasen et al.>* (Table 1). Scores were given for each stimulation
segment and average values from all six segments were calcu-
lated to give a final score for arrhythmia susceptibility. The effec-
tive refractory period (ERP) was measured from the ECG
recordings as the duration of the last interval before the heart
stops responding during the PES protocol.

Assessing Cardiomyocyte Electrical Activity

Cardiomyocyte isolation. lonic currents were recorded in freshly
isolated ventricular cardiomyocytes from C57BL/6]J male mice
(Charles River Laboratories) held at Lomonosov Moscow State
University, Russia, under the same husbandry conditions as cited
above and in adherence to local animal ethics regulations. Each
mouse was euthanized as described above, and the heart was excised
and mounted onto a constant flow Langendorff apparatus for retro-
grade perfusion through the aorta. The heart was first perfused with
nominally Ca**-free solution [constituents in millimoles: NaCl,
125; KCl, 4; NaH,PO4, 1.7; NaHCOs, 25.2; magnesium chloride
(MgCl,), 1.1; sodium pyruvate, 5; glucose, 11; taurine, 30; and 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 and
1 g/mL bovine serum albumin]; pH 7.4 buffered with carbogen gas
(95% 0,45% CO,) at 37°C; the flow rate was set at 2 mL/min.
Five minutes after the heart stopped beating, the perfusion was
switched to enzymatic solution of the same composition provided
with 0.5 mg/mL of collagenase II (Worthington) and 8 uM CaCl,.
After 30-35 min of enzymatic treatment, the perfusion was stopped,
the ventricles were minced and gently triturated to release cells into
the Kraftbriihe solution™ of the following composition (in milli-
moles): MgSO,, 3; KCl, 30; monopotassium phosphate (KH,POy,),

Table 1. Arrhythmia susceptibility characterization.

Arrhythmic event Score
Premature ventricular complex 1
Couplet 3
Triplet 4
Ventricular tachycardia
<ls 5
>1s 6

Note: Scoring according to Clasen et al.>*; the higher the score, the greater the suscepti-
bity to arrhythmia.
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30; egtazic acid [Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA)], 0.5; potassium glutamate, 50; HEPES, 20;
taurine, 20; and glucose, 10; pH 7.2 at room temperature (RT, 24°C).
The cells were stored in Kraftbriihe solution at RT and used within
8 hof isolation.

Whole-cell patch clamp. Tonic currents and APs were recorded
using conventional whole-cell patch clamp (Axon Instruments
Axopatch 200a, Molecular Devices; and EPC 800USB, Heka). A
small aliquot of cells was placed into an experimental chamber
(RC-26, Warner Instruments Corp.) and mounted onto an inverted
microscope (Diaphot 200, Nikon). The cells were superfused with
physiological saline at RT (~24°C) (composition detailed below).
Thus, the cellular experiments were conducted at a lower tempera-
ture than the whole-heart experiments. The lower temperature may
improve the ability to resolve impacts of exposure and also allow
for comparison with other studies conducted at RT.?® Moreover,
the impact of temperature on mouse myocyte ionic currents is well
established and was considered in interpreting our data. However,
the authors acknowledge that future work should test the cellular
findings at the body temperature of the mouse.

Patch pipettes were pulled (Narishige PC010) from borosilicate
glass capillaries and filled with pipette solution (details given for
each current below). The resistance of the pipette tip was 2-3 MQ.
After establishing the whole-cell configuration, series resistance
and cell capacitance were compensated. Current amplitude was
normalized to cell capacitance (pA/pF) during analysis. The
charge carried by the whole-cell currents was calculated as the
time integral of the inactivating part of the current and normalized
by cell capacitance (pC/pF). The time constants of current inacti-
vation were assessed by fitting the inactivating part of the current
with first- (Ixyr, l1o, and I¢,) or second-order (In,) exponential func-
tions using Chebyshev transformation tool in Clampfit software
(version 10.3, Molecular Devices) as I = Ae"/94C, where repre-
sents the current amplitude at time #; A represents the amplitude of
deactivating current components, fitted with time constants tau (1);
and C represents any residual unfitted current.

For APs (n =8 cells from N = 4 hearts per group) and K*-current
recordings (n = 7-8 cells from N = 5-6 hearts per group), the external
saline contained (in millimoles) NaCl, 150; KCl, 5.4; MgCl,, 1.2;
CaCl,, 1.8; HEPES, 5; glucose, 10; pH 7.4 adjusted with sodium hy-
droxide (NaOH) at RT. The pipette solution contained (in millimoles)
KCl, 140; MgCl,, 1; EGTA, 5; HEPES, 10; MgATP, 4; disodium
guanosine 5'-triphosphate sodium salt hydrate (Na, GTP), 0.03; pH
7.2 adjusted with potassium hydroxide (KOH) at RT. For recording
Ikur, the membrane was depolarized from —80 mV to —40mV for
200 ms and then to +40 mV for 700 ms. For recording Iy,, the mem-
brane was depolarized from —80 mV to 40 mV for 500 ms. At the
end of each experiment, the cell was exposed to a current blocker:
100 pM 4-aminopyridine for Ik, recordings; 3 mM 4-aminopyridine
for I, recordings. The peak currents were calculated after the subtrac-
tion of the current recorded in the presence of the specific blocker.
APs were evoked by injection of supra-threshold depolarizing current
at 0.5 Hz in current-clamp mode.

For L-type Ca** (Ic,)-channel recordings (N = 6-10 cells from
N =5 hearts per group), the external saline contained (in milli-
moles) NaCl, 150; cesium chloride (CsCl), 5.4; MgCl,, 1.2;
CaCl,, 1.8; HEPES, 5; glucose, 10; pH 7.4 adjusted with NaOH
at RT. The external saline was additionally supplied with 10 uM
nifedipine to inhibit L-type Ca’-channels. The pipette solution
contained (in millimoles): CsCl, 130; MgCl,, 1; EGTA, 5;
HEPES, 10; triethanolamine (TEA-CI), 10; MgATP, 4; Na,GTP,
0.03; pH 7.2 adjusted with KOH at RT. For recording Ic,, the
membrane potential was depolarized from —80mV to —40 mV
for 100 ms and then to 0 mV for 300 ms. The peak current was cal-
culated after the subtraction of the residual current recorded in the
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Table 2. Peak amplitude (pA-pF‘l) of Ikur, lio, Ica, and In, under control conditions and after acute exposure to phenanthrene (Phe) in isolated ventricular mu-

rine myocytes.

Control Phe (0.3 uM) Phe (1 uM) Phe (3 uM) Phe (10 M) Phe (30 uM)
Ikur 17.05+1.23 — 1432 +1.58" 13.42 +2.27" 12.41 +2.01° 9.90 + 1.47°
Lo 25.74+2.05 — 20.50 +3.65" 20.79 +3.9* 17.77 +3.02" 17.41 £2.2*
Ica —4.8+0.29 —5.07+0.67 —4.14+0.56 —-3.88+0.51" -3.08 £0.4 -2.76 +0.3"*
Ina —49.39 +2.02 — —47.83 +2.94" —39.56 +3™ —4337£2.9" —33.53+4.19"

Note: Data are means + SEMs. Ik, n="7-8 cells from N =6 hearts; I,,, n =7-8 cells from N =5 hearts; Ic,, n =6-10 cells from N =5 hearts; Ix,, n=06-7 cells from N =4 hearts. —,
Not applicable; ANOVA, analysis of variance; I¢,, calcium current; Ig,,, ultrarapid potassium current; Iy,, fast sodium current; I,, transient outward potassium current; pA<pF’1, cur-
rent amplitude normalized to cell capacitance; SEM, standard error of the mean. Significant from control, repeated measures ANOVA, *p<0.05, " p<0.01, and **p <0.001.

presence of the selective Ic, blocker, nifedipine (10 M). The fast
Na*-current (n=6—7 cells from N=4 hearts per group) was
recorded with an external solution containing (in millimoles) Tris-Cl,
120; NaCl, 20; CsCl, 5.4; MgCl,, 1.2; CaCl,, 1.8; HEPES, 5; glucose,
10; pH 7.4 adjusted with NaOH at RT, whereas the pipette solution
contained (in millimoles) CsCl, 130; NaCl, 10; MgCl,, 1; EGTA, 5;
HEPES, 10; MgATP, 4; Na, GTP, 0.03; pH 7.2 adjusted with KOH at
RT. For recording In,, the membrane potential was depolarized from
—120mV to =30 mV for 40 ms. Waveform protocols can also be
found in the figure legends.

Simplified Computational Model

To improve extrapolation from mouse to human, we used estima-
tions of the 50% inhibitory concentration (ICs), Hill coefficient
n(H), and maximal block (Table S1) based on fractional block
calculations for Iy, Ic,, and Iy, densities (Table 2) and set O con-
centration to 0 block and maximal possible inhibition by any

concentration to 100%. The delayed rectifying potassium chan-
nel current (Ix;) was used in the place of Igy, to evaluate the
impact of Phe on the human action potential, employing prior
published potency against hRERG1a/1b*® using an online model-
ing tool.”® The O’Hara Rudy CiPA 2017 model was selected
within the ActionPotential-Portal, and APs were elicited at a
stimulation rate of 1 Hz.>6-104

Statistical Analysis

For the cellular studies, a range of Phe concentrations (1, 3, 10,
and 30 M) was examined for each ionic current and each cell
was tested under control conditions and at two concentrations
applied in an ascending manner. The exact combination of doses
was randomized, and thus inhibition across all doses was assessed
using a two-way analysis of variance (ANOVA) mixed-effects
analysis followed by Sidaks multiple comparisons test, which
accounted for differing degrees of repeated measures within the

Ai

Time-matched control

Aii

~2.1 uM Phe

Aiii

~8 uM Phe

100ms

100ms 100ms
B Heart Rate C PR interval D QTc interval
- - 100 #
600 " 60 *A# R i
A
5 A *kk . 4 %
; AA = N .. L A 50 754 - . 5 i *
_ 4001 i . A .
id ] 7
E. i £ 40- 2 50- . 1 ML
200 A
I § 30 25+
0 T ; . 20- 0 - T
Baseline Exposure  Wash-out Baseline Exposure Wash-out Baseline Exposure Wash-out

*Sig. from baseline e Time-matched control
= ~2.1uM Phe

#Sig. from control s ~8puMPhe

Figure 1. Effect of phenanthrene (Phe) exposure on ex vivo cardiac electrical activity in isolated murine hearts. Electrocardiograms (ECGs) were recorded
from isolated hearts using surface electrodes. (A) Representative ECG traces from isolated mouse (C57/BJ, male, 10-12 wk old) hearts at baseline (black) and
after 15-min exposure to either control solution (Ai, gray), ~2.1 uM Phe (Aii, red) or ~8 uM Phe (Aiii, dark red). (B) Heart rate, (C) PR interval, and (D)
QTc interval from isolated hearts at baseline, after a 15-min exposure period, and finally following a 15-min wash-out period. Significantly different from base-
line, ***p<04001, two-way ANOVA mixed-effects analysis, N =7-10 hearts, *p <0.05, N=5-7 hearts. Significantly different from time-matched control,
mixed-effects analysis, p < 0.05, N = 7-10 hearts/group. Bars are means + SEMs, symbols are data from individual hearts. A representative mouse ECG show-
ing the waveform and measured parameters is provided in Figure SIA and numeric values are provided in Excel Table S1. Note: ANOVA, analysis of var-
iance; SEM, standard error of the mean; Sig, significant.
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data sets. Data are provided as percentage inhibition in the figures
and as absolute changes in peak current in Table 2. The per-
centage data were analyzed using ANOVA on ranks/Kruskal-
Wallis with Dunn’s multiple comparisons test. Categorial data
were analyzed using a chi-square test. Analysis and graphing
were performed in GraphPad Prism (version 8). The specifics
for each statistical test are also described in the figure legends
and results along with p-values, N numbers for hearts, and n
numbers for myocytes.

Results

Impact of Phe on Cardiac Electrical Activity in Murine
Hearts and Cardiomyocytes

Acute exposure to ~ 8 pM Phe caused a significant prolongation
of the RR interval (Figure 1A). Figure 1B shows the mean HR
(calculated as the number of beats per minute) at baseline and af-
ter exposure to either control solution, ~2.1 uM Phe or ~8 pM
Phe. A significant reduction in HR was observed in ~8 uM Phe-
treated hearts only (average reduction of 87 +20bpm; two-way
ANOVA mixed-effects analysis, p=0.0006, N =10 hearts). A
15-min wash-out period did not restore the HR to baseline levels.
In contrast, no significant changes in HR were observed at
~2.1 uM Phe (mean HR; baseline 431 bpm, ~ 2.1 uM Phe ex-
posure 416bpm). A significant prolongation of the PR interval
was also observed at ~8 pM Phe (Figure 1C; two-way ANOVA
mixed-effects analysis, p=0.036, N =8 hearts), again with no

wash-out. Corrected QT interval (QTc; corrected for HR using
the Mitchell formula) showed no significant effects of Phe at any
dose (Figure 1D). No changes were observed in other ECG pa-
rameters (uncorrected QT, QRS-duration, or P-wave duration)
following acute Phe exposure (Figure S1).

Ventricular MAPs recorded from the epicardial surface of
~8 UM Phe-exposed hearts (N=6) showed a prolongation
compared with time-matched controls (Figure 2A). However,
when corrected for HR (PP interval, cMAPDg(; Figure 2B) the
effect was lost. Similarly, MAPDs, was not altered following
Phe exposure (Figure S2). Phe effects on APD were also eval-
uated in isolated cardiomyocytes using whole-cell current-
clamp to record APs prior to and during application of 30 uM
Phe. Figure 2C shows a representative trace. Hearts exposed to
Phe exhibited a 22.5% prolongation of the ventricular AP at
50% (Figure 2Di; APDs, paired t-test, p=0.0499, n=9 cells
from N =4 hearts) and a 32% prolongation at 80% repolariza-
tion (Figure 2Dii; APDgy, paired t-test, p=0.0408, n=9 cells
from N =4 hearts) compared with control hearts. An 8% reduc-
tion in both upstroke velocity (Figure 2Diii; dV/dt, paired #-test,
p=0.0445, n=9 cells from N=4 hearts) and AP amplitude
(Figure 2Div; 5+ 1.3mV reduction, paired t-test, p=0.005,
n=09 cells from N =4 hearts) was also observed in cardiomyo-
cytes following 30 uM Phe exposure. However, lower doses
(<10 uM) did not affect APD parameters, and exposure at any
dose did not affect the resting membrane potential (RMP;
Figure 2C and Excel Table S2).
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Figure 2. Effect of phenanthrene (Phe) on ventricular repolarization. (A) Impact of Phe on ventricular monophasic action potentials (MAPs) recorded from the
surface of isolated hearts in control (Ai) and Phe-exposed (Aii) conditions at baseline (black) and after a 15-min exposure period to ~ 8 uM (dark red) or time-
matched controls (gray). Scale bar: 50 ms. Blue line indicates 80% repolarization. (B) MAP duration at 80% repolarization, corrected for peak—peak interval
(cMAPDy) at baseline and after exposure to either time-matched control solution (Bi) or ~8 uM Phe (Bii). N =6 hearts, each point represents an individual
heart, with lines showing impact from exposure. (C) Impact of Phe on cellular action potentials (APs) measured from isolated murine ventricular myocytes
using whole-cell current-clamp. Original traces of APs recorded from a representative myocyte in control conditions (black) and in the presence of 30 pM Phe
(dark red). Insets show zoom-in of AP kickoff (Ci) and RMP (Cii). (Di) APDsg, (Dii) APDgg, (Diii) AP upstroke velocity, and (Div) AP amplitude.
Significantly different from control, “p <0.05, *p <0.01, paired t-test, n =8 cells from N =4 hearts. Bars represent means + SEMs. Numeric values are pro-
vided in Excel Table S2. Note: AP, action potential; APDs,, AP duration at 50% repolarization; APDg,, AP duration at 80% repolarization; dV/dt, upstroke ve-
locity; RMP, resting membrane potential; SEM, standard error of the mean; TMC, time-matched control.
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Phe Exposure and K* Channel Activity kinetics of Ik, and I, with acceleration of Ik, inactivation
(Figure S3; repeated measures ANOVA, p<0.001, n>6 cells

Whole-cell voltage-clamp was used to record the main repola- .
for each concentration).

rizing currents of the murine myocardium; namely, inward rec-
tifier potassium current (Ig;), transient outward (I,), and
ultrarapid delayed rectifier (Ix,.). Like all other species exam- Phe Exposure and L-Type Ca’* Channel Activity

ined to date,”®%"-3 mouse Ix;, was not affected by Phe. Ix; The L-type Ca®* current (Ic,) is a key depolarizing current, which
amplitude at —60mV was 1.46 +0.12pA/pF in control condi-  can drive changes in APD, particularly at 50% repolarization.>® As
tions and was 1.42+0.15 pA/pF when maximally stimulated  ghown in Figure 4, I, was significantly reduced upon Phe exposure
with 30 HM P h? (n=5 cells from N =2 hearts). Exposure to at concentrations >3 puM, with maximum inhibition (38%) reached
1 uM Phe inhibited Ik, and exposure to 3, 10, and 30 uM Phe 4 10 \M (Kruskal-Wallis with Dunn’s multiple comparisons test,
inhibited both I, and Ik, (Figure 3A,B; Kruskal-Wallis with p=0.0221 for 3 uM and p=0.0001 for 10 and 30 pM, n=6-10
Dunn’s multiple comparisons test, p<0.01 for all doses,  cells per group, N=35 hearts). The time course of Icy_ inactivation
n=6-8 cells per group, N=35 hearts for I,, N=6 hearts for (1) was not affected by Phe: tau in milliseconds was 34.8 + 0.4,
Ixur). Figure 3Ai and 3Bi show original traces of I and Ixwr  33.540.74,34.5+1.32,34.9 + 1.80, 33.8 +0.82, and 38.3 + 1.43

recorded under control conditions and in the presence of 30 uM under control conditions and with 0.3, 1, 3, 10, and 30 uM Phe
Phe, which decreased peak current amplitude by 37 + 4% for I, respectively; =611 cells, from N =5 hearts.

(p=0.0001) compared with control and by 53+ 5% for Igy,
(»p=0.0001). Absolute values for Ik, and I, current amplitude
measured at each concentration are given in Table 2. These dif-
ferences in outward K* conductance could contribute to the APD
prolongation seen in the myocytes. In addition to the suppression We evaluated the effects of Phe on Iy, to understand whether the
of peak current amplitude, Phe also affected the inactivation observed Phe-dependent reduction in upstroke velocity was due

Impact of Phe on the Sodium Current, Iy,, and Conduction
Velocity
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Figure 3. Effect of phenanthrene (Phe) on the transient outward potassium current (I;,) and the ultrarapid potassium current (Ig,,) in isolated murine ventricular
myocytes. (Ai) Original traces of I, recorded from a representative myocyte in control conditions (black) and in the presence of 30 M Phe (dark red). The current
was induced by repetitive square-pulse depolarization from the holding potential of —80 mV to +40 mV, as shown in the inset. The I, amplitude was calculated as
the difference between peak outward current value and the current measured at the end of the depolarizing square-pulse. (Aii) Relative magnitude of inhibitory effect
on the amplitude of I, produced by 1-30 uM Phe. Significantly different from control, “p < 0.001, **p < 0.0001, one-way ANOV A on ranks with Dunn’s multiple
comparisons test, n = 7-8 cells from N =5 hearts. (Bi) Original traces of Ix,, recorded from a representative myocyte in control conditions (black), in the presence of
30 uM Phe (dark red), and after addition of the Ik, blocker, 100 pM 4-aminopyridine (4-AP, purple). The current was induced by repetitive two-step depolarization
from the holding potential of —80 mV to —40 mV (first step required for inactivation of I, and I,) and further to +40 mV (second step), as shown in the inset. Ixy,
amplitude was calculated as the difference between peak outward current before and after application of 100 pM 4-aminopyridine. (Bii) Relative magnitude of the
inhibitory effect on the amplitude of Ig,, produced by 1-30 uM Phe. Significantly different from control, “p < 0.001, **p < 0.0001, one-way ANOVA on ranks
with Dunn’s multiple comparisons test, from n =7-8 cells and N = 6 hearts. Bars represent means + SEMs and points represent individual cells. Absolute peak cur-
rent data for each current under control conditions and with each dose of Phe are given in Table 2. Note: %, percentage; ANOVA, analysis of variance; Iy,, fast so-
dium current; pA~pF" , current amplitude was normalized to cell capacitance; SEM, standard error of the mean.
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Figure 4. Effect of phenanthrene (Phe) on the L-type calcium current (Ic,) in isolated murine ventricular myocytes. (A) Original traces of I¢,, recorded from a
representative myocyte in control conditions (black) and in the presence of 30 uM Phe (dark red). The current was induced by repetitive square-pulse two-step
depolarization from the holding potential of —80mV to —40mV (first step required for inactivation of Iy,) and further to 0 mV (second step), as shown in the
inset. (B) Relative magnitude of the inhibitory effect on Ic,, produced by 0.3-30 uM Phe. The value of the Phe-resistant current is expressed as a percentage

of control current amplitude. Significantly different from control, **p < 0.001,

sk

p <0.0001, one-way ANOVA on ranks with Dunn’s multiple comparisons

test, n=6-10 cells and N =5 hearts. Bars represent means + SEMs and points represent individual cells. Absolute peak current data under control conditions
and with each dose of Phe are given in Table 2. Note: %, percentage; ANOVA, analysis of variance; Iy,, fast sodium current; pA~pF’], current amplitude was

normalized to cell capacitance; SEM, standard error of the mean.

to Iy, inhibition. Figure 5Ai shows the original traces of Iy, in
control conditions and after exposure to 30 pM Phe. Significant
inhibition was observed at 1 uM (p =0.036), 3 uM (p =0.002),
10 uM (p =0.0001), and 30 uM (p =0.001) Phe (Kruskal-Wallis
with Dunn’s multiple comparisons test, n=6-8 cells per group,
N =4 hearts), with 36.7 +4.7% inhibition from control observed in
the presence of 30 uM Phe. The time course of Iy, inactivation (tau;
Trast and Tgow) Were not affected by Phe. Ty, in milliseconds was
0.85+0.08,0.99+0.15,1.05+0.17,0.78 £ 0.12, and 0.59 +0.1,
and Ty in milliseconds was 2.45 +0.18,2.56 +0.29, 2.64 + 0.21,
2.98 +£0.25, and 2.06 + 0.33 under control conditions and with 0.3,
1, 3, 10, and 30 uM Phe, respectively; n=6-7 cells, from N =4
hearts.

Inhibition of Iy, could have a profound impact on conduction
of the electrical signal across the heart. To investigate this, elec-
trical activation maps were recorded from isolated murine ven-
tricles before and after exposure to ~ 8 uM Phe. Representative
electrical maps (Figure 5B), show slowing of the electrical wave
following exposure to ~ 8 puM Phe resulting in a 42% reduction
in ventricular conduction velocity (Figure 5C; two-way ANOVA
mixed-effects analysis, p =0.0143, N =7 hearts).

Arrhythmia Susceptibility following Phe Exposure

To investigate whether the Phe-induced change in conduction
velocity and ion channel repolarization increased arrhythmia
susceptibility, we used PES S1S2 pacing to induce ventricular
arrhythmias in isolated murine hearts. Figure 6A shows a heart
in normal rhythm in a time-matched control following PES and
induction of VT in an ~8 pM Phe-exposed heart (raw ECG
traces collected during the final stimulation interval). Of the
hearts treated with ~8 pM Phe, 55% developed monomorphic
VT in contrast to only 11% in the time-matched control hearts
(Figure 6Bi; chi-square, p =0.0455, N =9 hearts). No spontane-
ous arrhythmias were observed during normal (non-PES) perfu-
sion. To compare the severity of VT, all hearts were given an
arrhythmia score (based on a published scoring method>3-%;
Table 1). The arrhythmia score was more than doubled in
~ 8 UM Phe-exposed hearts compared with control hearts, sug-
gesting not only more VT, but also more severe VT, during Phe
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exposure. There was no difference in ERP between control and
exposed hearts (0.03 +0.01 s for Phe and 0.04 +0.02 s for con-
trol, p=0.08, N=7-8).

Modeling the Impact of Phe Exposure on Human AP
Duration

To improve extrapolation from mouse to human, we used estima-
tions of ICsy, n(H), and maximal block (Table S1) based on frac-
tional block calculations for Iy, Ic,, and Iy, densities (Table 2)
together with prior published potency against hERG*S to estimate
the impact of Phe on the human ventricular AP using an online
modeling tool (see Figure 7). Although an approximation (see the
“Materials and Methods” section for assumptions), the modeling
revealed the potential for APD prolongation at nanomolar levels
found in human serum.*® For example, the model produced an
~10% prolongation of APDgy at 0.3 uM of Phe (Figure 7 and
Table S2).

Discussion

The acute toxicity of the anthropogenic pollutant Phe on the
mammalian heart was investigated ex vivo using a healthy mouse
model. To our knowledge, we have shown increased arrhythmia
susceptibility in response to Phe exposure for the first time in any
species. The increased arrhythmia incidence in the mouse heart
likely resulted from bradycardia, APD prolongation, and slowed
conduction. We also showed that whole-heart effects were medi-
ated by the inhibition of repolarizing K* currents and depolariz-
ing Ca>* and Na® currents. The whole-heart effects were seen
only at the higher dose applied (~ 8 uM). Although this concen-
tration is greater than has been observed in human serum
(3.3 uM),* because cardiotoxicity of air pollution is related to
the exposure duration,®® we would expect impacts at lower doses
with longer exposures times (i.e., in excess of the 15 min
employed here). Individual ion channel current effects were
observed at 1 pM for Iy,, and at 3 pM for Ca>* and K* conduc-
tances. Moreover, when we input the ion current blocking po-
tency data reported here for the mouse with previous work on
hERG*® into a human ventricular AP modeling tool, we observed
APD prolongation at nanomolar concentrations of Phe exposure
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Figure 5. Effect of phenanthrene (Phe) on the fast sodium current Iy, in murine ventricular myocytes and conduction velocity across the murine ventricle. (A).
Impact of Phe on Iy, in isolated murine ventricular myocytes. (Ai) Original traces of Iy, recorded from a representative myocyte in control conditions (black)
and in the presence of 30 uM Phe (dark red). The current was induced by repetitive square-pulse depolarization from the holding potential of —120mV to
—30mV (maximum of I-V curve), shown in the inset. (Aii) Relative magnitude of the inhibitory effect on Iy, produced by 1-30 uM Phe. The value of the
Phe-resistant current is expressed as a percentage of control current magnitude. Significantly different from control, *p <0.05, **p <0.01, **p <0.001, one-
way ANOVA on ranks with Dunn’s multiple comparisons test, n =67 cells and N =4 hearts. Bars represent means + SEMs and points represent individual
cells. Absolute peak current data under control conditions and with each dose of Phe are given in Table 2. (B,C) The impact of Phe on cardiac conduction ve-
locity in isolated murine hearts. (B) Representative electrical activation map from isolated hearts at baseline (Bi) and after exposure to ~8 pM Phe. Each map
illustrates the activation time across 64 channels, with red indicating the earliest activation point and blue the latest, scale represents time in milliseconds. The
difference in activation time between the earliest and latest points was used to calculate the conduction velocity across the ventricle. (C) Ventricular conduction
velocity (mm/ms) from isolated hearts exposed to either control solution (TMC is denoted by triangle symbols) or ~8 uM Phe (dark red). Significantly differ-
ent from baseline, **p < 0.01, mixed-effects analysis with Tukey’s multiple comparison test, N = 5-7 hearts. Bars represent means + SEMs, with points repre-
senting individual hearts. Numeric values for conduction velocity are provided in Excel Table S3. Note: %, percentage; ANOVA, analysis of variance;

pA-pF‘1 , current amplitude was normalized to cell capacitance; SEM, standard error of the mean; TMC, Time-Matched Control.

(Figure 7 and Table S2). Collectively, our findings suggest that
excitation—contraction coupling in the cardiomyocytes of healthy
hearts are compromised by Phe at levels that exist currently in
ambient air pollution®?*? but that whole-heart dysfunction in
the form of arrhythmias occurs at higher levels. These data
present a clear warning for cardiovascular health, even in
healthy individuals living in regions with poor air quality or in
areas where spikes in poor air quality occur. It is also likely that
the impact of Phe is more deleterious in individuals with under-
lying cardiac conditions.

Phe Prolongs Cardiac AP Duration through Inhibition of
Repolarizing K* Currents

We observed a reduction in HR and a prolongation of PR inter-
val, following Phe exposure at ~ 8 puM; however, we observed
no impact on other ECG parameters at this dose (Figure 1D and
Figure S1) or on any parameter at the lower dose of ~2.1 uM
(Figure 1). A reduction in HR can manifest as bradycardia, a
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common precursor for ventricular arrhythmias, including VT.%!
The PR interval represents conduction of the electrical signal
from the atria to the ventricles and significant prolongation of the
PR interval can underlie AV conduction block®>%* and is pro-
arrhythmic. Incardona et al. found a significant reduction in HR?*
and AV conduction block following Phe exposure in embryonic
zebrafish,?® consistent with our findings in mouse hearts. Whole-
heart Phe exposure in adult fish caused prolongation of the QTc
interval and ventricular MAPD,?7-3° an effect not resolvable in
the present study despite the trend. However, in line with previ-
ous work in fish, we did observe APD prolongation at the cellular
level at both 50% and 80% repolarization (Figure 2D).

AP prolongation is caused by an increase in depolarizing
currents or a decrease in repolarizing currents. The AP prolon-
gation observed here is likely derived from the latter effect
driven by inhibition of I, and Ik, currents (Figure 3). To our
knowledge, this is the first description of I, and Ik, inhibition
by Phe and shows that, despite the lack of the Ik, current in the
mouse,®> AP prolongation still occurred. Similar to a previous
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trol (black) and Phe-exposed (dark red) hearts. Bars represent total number of hearts tested, with the shaded area indicating VT. (Bii) Arrhythmia susceptibility
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provided in Excel Table S4. Note: ECG, electrocardiography.

study in zebrafish,?® the gating kinetics of both repolarizing K*
currents in the mouse ventricle were modified with an increase
in I, and Ik, inactivation that could exacerbate the reduction in
charge transferred through these channels during an AP (Figure
S3). This is worrisome for human cardiac health given that pre-
vious studies have linked changes in K* conductance and APD
prolongation to ventricular arrhythmias, including torsades de
pointes.5%-¢7 In humans, [,,%® and Ik,*® have been associated
with atrial fibrillation. I, in both the mouse and the human is
carried by Kv4.3, and in heart failure’® and chronic atrial fibril-
lation, Iy, is markedly reduced and Kv4.3 down-regulated.®®”!
The effect of Phe on atrial repolarization was not investigated in
this study but future work here would help determine the impact
of exposure on human atrial function. Indeed, the clinical signifi-
cance of I, inhibition observed here is highlighted by the associa-
tion between mutations in the gene encoding Kv4.3 (KCND3) and
cases of Brugada syndrome,’?>’® familial atrial fibrillation,’*7>
early repolarization syndrome,’® and sudden unexplained death.””
We also show inhibition of I, by Phe in the mouse ventricle
(Figure 4), and although this has been shown previously in fish,?8-30
this is the first report we know of in mammals. Inhibition of I¢,, is
most often linked to AP shortening, not prolongation, and may con-
tribute to the lack of APD prolongation at the whole-heart level. A
recent study in zebrafish showed APD shortening despite significant
inhibition of Iy, due to potency on Icy 2% A reduction in the ampli-
tude of I, would result in APD shortening at 50% repolarization
(APDs)), and this may explain the lack of overall effect of Phe on
APD in the lower dose range. However, at 30 uM, APD prolongation
was seen at both 50% and 80% repolarization likely owing to the large
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impact of Phe on the outward K* currents at this dose and the lesser
contribution of I¢y, to depolarizing current in mouse AP genera-
tion.”®7° Indeed, potency of I, inhibition is important for APD char-
acteristics as demonstrated by computational data for the human
ventricular APD response to Phe exposure provided in Figure 7.

Inhibition of Iy, by Phe Results in Slowed Ventricular
Conduction

There is a large focus in the literature on Phe and repolarizing cur-
rents; however, a recent study in fish pointed to inhibitory effects
on the inward Iy, current.?® In mice, similar to in humans, the
influx of Na* through voltage-gated sodium channels drives the
upstroke of the ventricular AP and is responsible for AP initiation
and propagation.®® We found significant inhibition of Iy, (Figure
5A), even at the lower end of the Phe concentration range tested,
resulting in reduced AP upstroke velocity (Figure 2Diii) and
reduced AP amplitude (Figure 2iv). Inhibition of Iy, and the asso-
ciated changes in AP morphology are known to be pathological
because these changes can impair the synchronous and rapid con-
duction of electrical activity across the heart,3>8! increasing the
risk of arrhythmias.®?>-8* Accordingly, we showed reduced conduc-
tion velocity following Phe exposure at the whole-heart level for
the first time to our knowledge in any species (Figure 5B), raising
the possibility of reentrant arthythmias as a mechanism for Phe car-
diotoxicty.3*8 Indeed, the PR interval prolongation following
acute Phe exposure in this study could be indicative of first-degree
AV block, where a 1:1 ratio of P wave to QRS wave is maintained.
Moreover, previous work with PM and diesel particles have been
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Figure 7. Computational model showing effect of phenanthrene (Phe) on
human ventricular action potential (AP). We estimated the impact of Phe on
the human ventricular AP through in silico modeling using calculations of
1Cs0, n(H), and maximal block (Table S1) based on fractional block esti-
mated from murine Iy,, Ic,, and Iy, densities (Table 2) and Ik, calculated
from hERG1a/1b%® in the place of the place of murine Ig,:. Note the 10%
prolongation of APDg at 0.3 pM of Phe, which is found in human serum.*°
See Table S2 for impact of Phe on other tabulated AP parameters. AP simu-
lations were conducted using the online Action Potential-Portal prediction
software.>®14 Note: APDgy, action potential duration at 90% repolarization;
ICsp, 50% inhibitory concentration; Ic,, calcium current; Ik,, native potas-
sium current; Iy, ultrarapid potassium current; Iy,, fast sodium current; I,
transient outward potassium current.

shown to slow conduction velocity and induce arrhythmia in
rodents.37-88

Knowing the Phe (or PAH) contribution in studies such as these
would be instructive for improving our understanding of the mech-
anism of toxicity. A synthesized derivative of Phe, 9-phenanthrol
has also recently been shown to block peak and late Nat-channels
in the rabbit heart.® Overall, we showed changes in In,, AP
upstroke velocity, and AP amplitude in the cardiomyocyte, which
manifested as differences in whole-heart cardiac electrical activity
following Phe exposure in the mouse. Thus, we have shown here
that the pro-arrhythmic phenotype brought about by altered ven-
tricular repolarization following Phe exposure is compounded by
the Phe-induced reduction in conduction velocity.

Phe Increases Arrhythmia Susceptibility

Bradycardia and reduced conduction velocity, combined with the
cellular changes in AP morphology and ion flux reported here, point
to a pro-arrhythmic phenotype following Phe exposure. Previous
studies in fish have shown similar cellular effects and alluded to a
pro-arthythmic effect of Phe exposure; however, no study to date
has conclusively linked Phe exposure to arrhythmogenesis. VT is a
commonly occurring and potentially life-threatening arrhythmia,
caused by abnormal electrical activity of the ventricle.”®°! Here we
showed a significant increase in the incidence of VT induction in
Phe-treated hearts (Figure 6). Paired with the observed increase in
arrhythmia score (Figure 6Bii), these data suggest that Phe directly
increased arrhythmia susceptibility.

Epidemiological evidence has long shown a positive association
between PM, 5 concentration and the incidence of arrhythmias'# and
both PM and diesel particles have been shown to trigger arrhythmia
in rodents.3”-38 Our findings suggest Phe could be involved in these
pathologies. VT and ventricular fibrillation are the primary causes of
arthythmia-induced sudden cardiac death®? and the increased inci-
dence of VT described here using mouse hearts could contribute to
the increased incidence of sudden cardiac death in areas of high
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PM,; 5 exposure. Slowed conduction and AP prolongation in the ven-
tricle are common substrates associated with the induction of VT.92
Bradycardia is also associated with early after depolarizations
(EADs), and increased frequency of EADs can act as a trigger for VT
induction.®” Finally, the effects of Phe described above for key ion
currents could act as triggers and substrates for VT induction and
maintenance.”>** Reduced Iy, density and accelerated inactivation
have been linked to ventricular arrhythmias, particularly in relation to
conduction failure.% Indeed the increased VT susceptibility seen with
Phe exposure in this investigation was primarily monomorphic VT,
and therefore the reductions in Ix, and subsequent slowed conduction
velocity were likely the dominant mechanisms driving the arrhyth-
mia, possibly via reentrant-based mechanisms.”® The pro-arrhythmic
phenotype shown here ex vivo for mice could be exacerbated by
underlying electrical impairment. If similar mechanisms apply in
humans, then arrhythmia could be expected to be more prominent in
patients with significant scarring following myocardial infarction,
which acts as a substrate for monomorphic VT.

Study Limitations and Considerations

To our knowledge, for the first time in mammals, we show that the
air pollutant Phe inhibited ionic conductances (Ina, Ica, lio, and
Ixur) key for cardiac excitation—contraction coupling, resulting in
prolonged cellular AP, slowed conduction, and increased arrhyth-
mic potential in an ex vivo mouse heart model. The mechanisms of
channel inhibition, however, remain to be elucidated. Our previous
work with recombinant hERG channels expressed in HEK293 cells
showed Phe acted as a direct inhibitor interacting with the hERG
channel, binding to a distinct site in the channel pore domain.*®
Whether the murine channels identified here are also inhibited by
direct block await mutagenesis-inhibition studies. However, based
on a number of observations, we suspect the block we observed is
specific rather than a secondary effect of nonspecific membrane
disruption. First, here and in our previous work with native cardio-
myocytes from a range of species,?° we observed no change in
cell impedance assessed via voltage-clamp parameters that would
be expected if membranes were disrupted following exposure. We
also showed Phe exposure impacted some but not all ion channel
function, which would be unexpected if it were affecting channels
indirectly via membrane disruption.?® Similarly, we showed that
inactivation kinetics of some (I, and Ig,,) but not all (Ic, and Ix,)
channels were impacted by exposure (Figure S3). Thus, although
Phe will accumulate in fat,*> we do not believe the cardiotoxicity
demonstrated here can be attributed simply to nonspecific mem-
brane disruption.

However, we do acknowledge the probable contribution of other
toxicity pathways in the observed responses. As demonstrated in vari-
ous human cell types®” and urine analysis of coke oven workers,”® ex-
posure to air pollution induces inflammation and oxidative stress,
leading to damage of DNA, lipids, and proteins.®® Indeed, acute inha-
lation of nanoparticles induced cardiac arrhythmias and slow conduc-
tion velocity in rats, and this was associated with an increase in lipid
peroxidation markers in lung and cardiac tissue.'%>!°! Reactive oxy-
gen species (ROS) can also act directly on ion channels'%? with exog-
enous ROS attenuating Ic, in guinea pig ventricular myocytes.'®
Undoubtably, air pollution and the PAHs contained within, produce
their toxic effects through a multitude of pathways. Future work
should investigate the degree to which Phe activates oxidative stress
and inflammation pathways in both acute and chronic scenarios to
better delineate the role they play in pollution-induced cardiotoxicity.

Conclusions
In the present study, we have shown that exposure to a single but
ubiquitous pollutant, Phe, directly altered the electrical activity of
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the mouse heart in an ex vivo model, providing, to our knowledge,
the first evidence directly linking Phe exposure to increased arrhyth-
mia susceptibility in mammals. We also provide what we believe to
be the first evidence of Phe inhibiting I, and Ik, along with Iy, in
a concentration-dependent manner leading to prolongation of the
AP, bradycardia, and slowing of conduction velocity. These pro-
arrhythmic ionic mechanisms could be targeted to manage and miti-
gate morbidity. Air pollution contains Phe in both the gas phase and
adsorbed to PM; s and thus our study provides a possible mecha-
nism linking poor air quality to previous work on rodents3”-%% and
with human cardiac health risk. Like other risk factors, such as poor
diet, low physical activity, and smoking,>!""!3 clinicians should
include air pollution as an aggravating factor in cardiovascular dis-
ease screening. Patients with underlying conditions who live in areas
with high atmospheric Phe levels, should be warned of the dangers
this poses to their health. As global levels of pollution rise, and
more people move to urban areas, the ex vivo cardiotoxicity in mice
reported here may serve as a warning sign for the cardiovascular
well-being of humans. Future studies focusing on the chronic effects
of low level Phe exposure are needed to improve current extrapola-
tions to the human health perspective.
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